Introduction
Organic-inorganic hybrid materials with molecularly dispersed domains in organic polymer or inorganic matrix have been of interest as new functional materials. These hybrid thin films are applied for hard coatings, gas barrier thin films, etc. The organic-inorganic hybrids are prepared mainly by hydrogen bond formation between organic polymers with polar groups and inorganic components. [1] The inorganic components, e.g., silica, are usually formed by sol-gel process, which are hydrolysis and condensation of alkoxysilane compounds.
As another method, it was reported that insitu polymerization of low molecular weight organic compounds concurrently accompanied with sol-gel process of inorganic components. [1] For this method,photocuring system seems to be an interesting procedure. However, there are a few works on photocuring of alkoxysilanes to prepare silica through hydrolysis and condensation. [2] [3] On the contrary, organic-inorganic hybrid coatings using acrylates and alkoxysilanes usually were prepared by two step reactions of hydrolysis/condensation of alkoxysilane and photopolymerization of acrylates. [4] For these reactions, it is usually necessary for two types of initiators complete photopolymerization and solgel process.
Although single initiators to proceed dual types of reactions are very much interested, only a few studies have been done, concerning with photopolymerization of epoxy resins and acrylates using photo-acid generators such as sulfonium salts [5] and iodonium salt [6] . We also reported several photocuring systems of epoxy- [7] , vinyl- [8] and acrylic-functional alkoxysilanes [9] [10] [11] using sulfonium salts and benzoin derivatives.
In this paper, photocuring of pentaerythritol tri-acrylates (PETA), dipentaerythritol penta-/hexa-acrylates (DPETA) with 3-acryloxypropyl trimethoxysilane (APTMS) and tetraethoxysilane (TEOS) using benzoin tosylate (BT) as a photoacid-radical generator was investigated to prepare acrylic-silica organic-inorganic hybrid thin films. The initial process of reaction was examined in the change of FT-W spectra. Also, the possibility of negative resists by using this photocuring system are evaluated.
Experimental
Commercially available PETA (Toa Gosei Co.), DPETA (Aldrich Chemical Co.), 3-acryloxypropyl trimethoxysilane (APTMS) (ShinEtsu Chemical Co.), and TEOS (Kishida Chemicals Co.) were used without further purification.
BT was prepared by reaction of benzoin with p-toluenesulfonyl chloride as shown in Scheme 1. The reaction was carried out in toluene with NaOH dispersed by a homogenizer. After several times of recrystallization from ethyl alcohol, pure BT was obtained.
FT-IR
real-time analysis on curing of PETATFEOS with lmol% of BT was conducted by means of reflection spectroscopy with DRIFT (Diffuse Reflectance FT-IR spectroscopy) accessory using a Nicolet FT-IR spectrometer Impact 420. The mixture was spin-coated on aluminum foil, and the FT-IR spectra at 10sec interval was measured under the irradiation of UV light (40mW/cm2) from SP-V SPOTCURE (Ushio Co.). Themogravimetry (TG) of DPETA/TEOS/APTMS with lmol% of BT cured in aluminum pan were performed by TG-DTA 220/SSC-5200 (Seiko Instrument Co.).
The calcination of DPETA/TEOS/APTMS hybrids were carried out at 500°C. AFM image of the surface of hybrid thin film was observed by Digital Instruments Nanoscope III.
Results and Discussion
We have already reported that APTMS and PETATFEOS mixture afford hard thin films through UV irradiation in the presence of benzoin sulfonates. [9] [10] [11] In order to investigate the reactivity on photopolymerization of acrylic monomers and hydrolysis/condensation of alkoxy silane, the time conversion of photocuring for PETAI EOS (50/50) mixture as a simple model reactant using lmol% of BT was measured by reflectance spectroscopy. The optical apparatus of this experiment is shown in Fig.1 (a) . The sample, which was spin-coated over the aluminum foil on glass plate, was irradiated with UV light (40mW/cm2) guided by an optical fiber through the crevice of two mirrors in a DRIFT accessory. Fig.1(b) shows the selected five spectra (at 10, 60, 100, 180, 600sec) from real-time spectra. However, it is difficult to identify the formation of Si-O-Si bond as a single peak, because of the broad peak of Si-0-Si stretching mode overlapped with other peaks. The time-conversion measurement of PETAT I'EOS photocuring system was performed by baselinecorrected absorbance of 1630cm' and 1030cm', as shown in Fig.2 .
The pronounced decrease of 1060cm' and increase of absorbance at 1030cm"' are observed at the same time within 3min of UV irradiation.
It was found that both reactions, photopolymerization of acrylic monomers and hydrolysis/condensation of alkoxysilanes, occurred simultaneously in early process. Therefore, the dual modephotocuring using BT as a photo-acidradical generator proceed successfully.
The properties of DPETA/TEOS hybrid thin films, such as surface hardness and adhesiveness to substrates (glass, polymethylmethacrylate, and polycarbonate), are better than those of PETA/TEOS system.
Further, addition of APTMS to the mixture significantly improved their properties. APTMS having both acrylic and methoxysilane group is considered to improvephotocurmg behavior and physical properties of cured films, because of interfacial action of two functional groups. Although the detailed properties of those acrylic-silica hybrids will appear elsewhere, the study about DPETA/TEOS/APTMS system is hereinafter described in this paper.
We attempt to apply DEPTA/TEOS/APTMS hybrid thin films to the negative photoresist. The spin-coated DPETA/TEOS/APTMS(63/27/10, 45/45/10, 27/63/10) with lmol% of BT over glass plate were irradiated by UV light through a photomask. After irradiation of 6000mJ, the substrates were developed with iso-propanol. Then, the clear and solid negative patterns were obtained over all compositions of DPETA/TEOS/APTMS. DPETA/TEOS/APTMS(63/27/10) hybrid provides the fine LIS pattern.
Optical microscopic photograph of the pattern is shown in Fig.3 (a) . The depth profile image as illustrated in Fig.3 (b) were obtained by a stylus method. These observations indicate that DPETA/TEOS/APTMS hybrids are useful for a negative photoresist.
The TG of DPETA/TEOS/APTMS, which was photocured using lmol% of BT in aluminum pan, was measured, and TG curves of these hybrids are shown in Fig.4 . Residual weight ratio of three DPETA/TEOS/APTMS(63/27/10, 45/45/10, 27/63/10) were correspondingly 67, 78, 83% after thermal decomposition. With increasing TEOS contents in DPETA/TEOS/APTMS, the residue increased. As the temperature at 10% weight loss of these hybrids were over 380°C, it is concluded that these hybrid materials possess high heat resistance. However, it is difficult to understand that DPETA/TEOS/APTMS(27/63/10) with higher TEOS contents show the lower onset temperature of thermal decomposition, compared with others.
The heat treatment of DPETAII'EOS/APTMS hybrid thin film on glass was carried out at 500°C for 2hours under air atomosphere. After this calcination, organic polymer component was decomposed and silica matrix was remained. The AFM images of surface of DPETA/TEOS/APTMS(63/27/10) hybrid thin films were shown in Fig.5 . Before heat treatment, the surface was moderately smooth. However, calcination of the hybrid thin film gave the chapped surface in manometer size. Roughness of the heat treated hybrid surface was changed by the component ratio of DPETA/TEOS. 
